Abstract-Total internal reflection optical switches offer a switching operation which can be wavelength insensitive, thermally stable and polarisation independent. The implementation of such a switch based upon carrier injection in silicon is difficult due to the long diffusion lengths of injected free carriers. In this paper experimental results are presented which show that a reflective type switching operation is obtainable if a barrier formed of defective silicon is used to reduce free carrier diffusion.
limiting the applications for which they are useful, but enabling efficient devices to be fabricated. Careful design of each of the switching types including the TIR switch can theoretically allow polarisation independent operation. The TIR switch offers a balance of the different performance metrics and could therefore be attractive for use in the circuit switching layer of a futuristic switching network where the disadvantages of the MEMS switch become problematic.
The switching operation is achieved in a total internal reflection switch by creating a controllable refractive index change in the device such that an interface between two regions of unequal refractive index exists which causes a reflection. Controllable refractive index changes can be achieved in silicon through the use of the plasma-dispersion or thermo-optic effects. Reflection type devices which use the thermo-optic effect have been reported in silicon [1] , however the main draw back is the relatively slow switching rate due to the time required to generate and dissipate heat.
Plasma dispersion based reflective switches which incorporate a --diode structure to inject free carriers into the device have also been reported in both silicon [2] [3] [4] [5] [6] and other semiconductor materials [7] [8] [9] [10] . In order to produce an efficient reflection, a sufficiently large and abrupt spatial variation in refractive index is required during injection. This is difficult to achieve in silicon where the diffusion lengths of injected carriers are relatively long. This becomes especially apparent as device dimensions are reduced towards sub-micron, such has been the trend in silicon photonics. The importance of having a precise controllable reflection interface in this type of switch is widely acknowledged [3] [4] [5] [6] , [10] and problems caused by the high injection currents required for switching have also been discussed [7] .
Attempts have been made to confine the injected carriers to certain regions within the device during switching in devices fabricated in materials other than silicon [7] , [9] , [11] , [12] . Whilst these devices have all reported an improved performance, none of the designs show any method of lateral carrier restriction in the guiding layer itself and therefore carriers are still able to diffuse through the guiding layer freely, compromising device operation.
Defect engineering has emerged as an exciting prospect in silicon photonics with proposed use in the development of optical detectors [13] , amplifiers [14] and emission devices [15] . Previously we showed the feasibility of using a thin SiO barrier to prevent carrier diffusion in reflective switches [16] . In this work we utilize the electrical properties of defective silicon to create a barrier to carrier diffusion in the TIR switch and as a result improve the magnitude and abruptness of the spatial refractive index change during the switched state. Experimental results obtained from fabricated devices are presented which demonstrate how a switching operation can be achieved through the incorporation of the barrier. This is in contrast to the results also presented from the devices fabricated without barriers, where no switching was observed.
II. SWITCH DESIGN AND OPERATION
The layout of the switch is shown in Figs. 1(a) and (b). Two waveguides of height 1.5 m, slab height 0.7 m and starting width 1 m are defined to intercept at an angle . These rib waveguide dimensions are chosen to give single mode propagation. The waveguides are tapered to a width of 6 m as they approach the interception region in order to reduce crosstalk. A shallow doped region is located along the top of the reflection interface and an doped region exists in the slab, with ohmic connections to an anode and cathode respectively. These doped regions are separated by intrinsic single crystal silicon to therefore form a --diode structure on one side of the reflection interface. On the other side of the interception region to the diode structure is a region of defective silicon which is used as the barrier to reduce carrier diffusion. The length of the active region ranges from 195 m to 113 m for devices with interception angles 1.5 to 3 , or 500 m if the tapers which approach the interception region are included. It is expected that optimisation of the taper shape can result in significant overall device length reductions.
With no current passing through the diode the input light propagates along the input waveguide and passes through the 'reflection interface' to the 'transmitted' output waveguide. When the device is forward biased free carriers are injected mainly into the intrinsic silicon region to the right-hand side of the reflection interface. These injected carriers cause a reduction in refractive index due to the free carrier plasma dispersion effect [17] . If a sufficient refractive index change occurs the input light will be incident on the reflection interface at an angle greater than the critical angle for total internal reflection meaning that the input light will be switched to the 'reflected' output waveguide and thus switching occurs.
III. DEFECT BARRIER DESIGN
The defective silicon barrier region was formed using ion implantation. One major advantage of this method is the ability to selectively damage certain regions by depositing and patterning masking material capable of blocking the implant. Si ions were used for the implantation in order to avoid any chemical effects which might result from using other elements. An implantation recipe was selected which caused full amorphisation of the unmasked overlayer. Once amorphised, a thermal process was performed in order to recover the optical properties to some extent. Complete amorphisation of the silicon overlayer removes any seeds which are required for epitaxial growth (other than a small contribution from lateral regrowth). During the thermal process random nucleation occurs instead which results in the formation of polycrystalline silicon.
The free carrier lifetime and refractive index of the resulting polycrystalline silicon are critical to the device operation. The refractive index of the defective silicon regions should not be significantly different to that of single crystal silicon such that the input light is reflected without carrier injection. The refractive index of polycrystalline silicon for a wavelength of 1550 nm formed using ion implantation and annealing at different temperatures has been experimentally characterised using ellipsometry [18] , the results of which are shown in Fig. 2 .
The refractive index of the as-implanted sample is approximately 0.4 higher than that of single crystal silicon. This is consistent with previous measurements of ion implantation amorphised samples [19] . The samples annealed at temperatures up to 500 C have a slightly lower refractive index than that of the as implanted sample. The samples annealed at 700 C degrees and above have a refractive index recovered to approximately that of single crystal silicon as required in the switch. To analyse the importance of the free carrier lifetime in the barrier region, the effectiveness of the barrier at improving the abruptness and magnitude of the spatial injected free carrier profile across the intended reflection interface was modelled using the commercial software ATLAS [20] .
Devices were modelled with the barrier region defined with different free carrier lifetimes. A 1.2 V forward bias was applied to the device and the profile of free carriers across the reflection interface was extracted and converted to refractive index change using (1) following the work by Soref and Bennett [17] . The results of this modelling are shown in Fig. 3 . (1) A free carrier lifetime of 5 ns was measured for the intrinsic waveguides used in this work through an optical pump-probe method. As the free carrier lifetime of the barrier region is reduced below 5 ns both the abruptness and magnitude of the spatial refractive index variation across the reflection interface (position indicated by dashed line) are enhanced. To analyse how this enhancement improves the switching performance of the device, the refractive index profiles shown in Fig. 3 have been imported into a BPM optical modelling package from RSoft [21] .
The output powers from the reflected and transmitted output waveguides were monitored for each refractive index profile and converted to switched state crosstalk using (2): (2) where is the power from the transmitted output waveguide and is the power from the reflected output waveguide. The modelled crosstalk results for each barrier region free carrier lifetime are shown in Fig. 4 .
A low crosstalk value indicates that the majority of the output power is exiting the device from the reflected output waveguide as is required in the switched state. According to the model, optimal crosstalk is obtained if the barrier region has a free carrier lifetime of approximately 50 ps. With a free carrier lifetime of 50 ps the free carrier concentration in the barrier region has already been minimised. The abruptness will improve further as the lifetime is reduced below 50 ps however; this itself increases the diffusion flux of free carriers from the active region to the barrier region causing a reduction in the magnitude of the refractive index change.
The free carrier lifetime of SOI, amorphised and thermally regrown at different anneal temperatures, has been experimentally examined using a reflective optical pump-probe method. Carriers are generated in the overlayer using a high intensity pump beam. A probe beam is then made incident on the same spot and the reflected power of this beam monitored. As carriers are generated in the overlayer the reflected power is reduced. After the pump beam is switched off, these carriers will recombine without the generation of new carriers, increasing the reflected power at a rate dictated by the material's free carrier lifetime. The results from this experiment are shown in Fig. 5 . An extremely long decay is observed in the unimplanted single crystal silicon sample. The as-implanted (amorphous) sample has a very rapid decay. The decay rate tends to then reduce with increasing anneal temperature; however the 1/e free carrier decay level is reached within 50 ps for all considered anneal temperatures.
IV. DEVICE FABRICATION
Devices were fabricated in the cleanroom facilities at the University of Surrey. The starting material was (100) SOI with a 1.5 m thick overlayer and 2 m thick buried oxide layer. The implantation steps were performed first, commencing with the highly doped regions. The region was formed by implanting a 2e15 ion/cm dose of boron at an energy of 5 keV. A 1e16 ions/cm dose of phosphorus at an energy of 640 keV was implanted to produce the region. An anneal was then performed at 1050 C for 10 seconds to activate the doping and to repair any implant damage. The barrier region was then formed using a chain implant of energies 1400 keV, 900 keV and 500 keV at doses of 5e15, 3.5e15 and 3e15 ions/cm respectively. In order to minimise the effect of self annealing during the implantation the sample stage was cooled with liquid nitrogen. After implantation the samples were annealed at 800 C for 10 minutes. This recipe was shown in the previous section to produce polycrystalline silicon with suitable optical and electrical properties. To ensure that the implantation recipe had left no pockets of single crystal material which could act as a seed for solid phase epitaxial regrowth, SOI samples from the same wafer as the device samples were implanted and annealed with the same recipe as used in the devices. Rutherford back scattering in the channelling configuration was then performed (results not shown). An insignificant degree of ion channelling in the regrown sample was observed indicating the presence of significant lattice disorder. The actual shape and position of the barrier region edge deviates from the ideal case as depicted in Fig. 1(b) due to the shape of the implantation mask edge, and ion implantation effects. This deviation has been modelled and shown to not have a significant effect on the free carrier profile produced with the device under forward bias.
After the implantation and anneal steps were completed the waveguides were etched to a nominal depth of 800 nm. The etch depth was subsequently measured by Scanning Electron Microscopy (SEM) to be 720 nm. A 500 nm thick SiO upper cladding layer was deposited using Plasma Enhanced Chemical Vapour Deposition and contact holes etched through to the doped regions using buffered hydrofluoric acid. A 500 nm thick aluminium layer was deposited and selectively etched to form the electrodes. An annotated SEM image of an example fabricated device is shown in Fig. 6 . After fabrication the device samples were diced and edges polished to ensure that the waveguide facets were optically smooth.
V. EXPERIMENTAL RESULTS
Laser light of wavelength 1550 nm and TE polarization was free space butt coupled into the waveguide input. The output light was captured using an optical detector. The passive waveguide loss was measured by the cut back method to be 12 dB/cm. The other contributions to device loss were also measured using cut back loss test structures. The optical loss of waveguides formed in barrier material was measured to be 44 dB/cm and the loss due to the inclusion of the highly doped boron region at the top of the rib waveguide 27 dB/cm. The loss caused by metal in close proximity to the waveguide but separated by the upper SiO cladding layer was found to be 5 dB/cm. Since the length of waveguide for which the barrier, metal and -type doped regions exist is only approximately 150 m in the devices, these losses equate to approximately 1.5 dB.
A range of devices with different interception angles were produced (1.5 , 1.75 , 2 , 2.25 , 2.5 , 2.75 and 3 ). The output power from the reflected and transmitted waveguides was measured with light coupled into the input waveguide and no bias applied to the diode. The experimental results (plotted points) obtained from the devices without barrier regions are shown in Fig. 7 together with the results of optical modelling (solid lines). A good agreement between the modelling and the experimental results is observed. For all measurable interception angles these devices behave as required, in that with no applied bias the majority of the power is output from the transmitted output waveguide.
Contrasting experimental results were obtained from the devices with barriers as is shown in Fig. 8 . For the devices with the two smallest interception angles (1.5 and 1.75 ) the majority of the power leaves the device from the reflected output waveguide. For the devices with interception angles 2 and above the majority of the power is output from the transmitted output waveguide. This difference in behaviour between the devices with and without barrier regions can be attributed to the barrier region having a larger refractive index than that of the surrounding single crystal silicon. At the interface of the barrier region and the surrounding silicon some degree of reflection will be caused, the magnitude of which is determined by the difference in refractive index of the two regions and the angle of interception. Since the input light is incident on the reflection interface at a larger angle in the devices with smaller interception angles, they are more sensitive to refractive index mismatch. This explains why the largest deviation in device performance between the devices with and without barriers is observed for the devices with the three smallest interception angles. Optical modelling has also been performed on the devices with different magnitudes of refractive index mismatch defined between the barrier region and the surrounding silicon. When a mismatch in refractive index of 0.005 is assumed a good agreement with the experimental results can be observed, as can be seen in Fig. 8 (solid  lines) . The presence of this refractive index mismatch is supported further by the results obtained with forward bias applied to the devices. The results obtained from the device with a barrier region and a 1.5 interception angle are shown in Fig. 9 .
Consistent with Fig. 8 , with no applied bias the majority of the output power exits the device from the reflected output waveguide. As the drive current is increased any change in output powers is insignificant. In this case the refractive index mismatch alone is large enough to cause total internal reflection. Increasing the refractive index mismatch further by injecting free carriers into the device does not increase the reflected power since total internal reflection is already achieved. This is in contrast to the results obtained from the devices with a 2 interception angle shown in Figs. 10 and 11 . In the device without a barrier, with no current passing through the diode the majority of the power leaves the device from the transmitted output waveguide. When the drive current is increased the output power from the transmitted output waveguide decreases however this is not coupled with an increase in optical power from the reflected output waveguide. This device behaviour, which was also observed in all devices without barriers, can be attributed to the injected free carriers freely diffusing and causing absorption of the input light.
However, results consistent with the desired switching effect were obtained from the device with the inclusion of a carrier restrictive barrier as shown in Fig. 11 . With no applied bias, the majority of the output power exits the device from the transmitted output waveguide. When the drive current is increased the power from the transmitted output waveguide decreases, whilst the power from the reflected output waveguide increases such that there is a switch over in majority output power from the transmitted to reflected output. The switch over in optical power occurs with a switching current and corresponding power of approximately 150 mA and 440 mW respectively. In all of the devices with barriers and with an interception angle an increase in reflected power and decrease in transmitted power was observed with increasing drive current. These results show the requirement of a barrier to restrict carrier diffusion in this type of switch and also that the use of defective silicon barrier is a feasible method of producing a switching operation in such a structure.
A. Insensitivity of the Switch to Thermal Ambient
The switching operation of the device with barrier has also been analysed at an elevated temperature. The results obtained at 20 C and 70 C are shown in Fig. 12 .
The switching operation is almost identical at both temperatures indicating a high degree of thermal insensitivity as would be expected from a switch based upon reflection. This also demonstrates that the switching operation observed is being caused due to the presence of injected free carriers rather than heating of the device.
B. Wavelength Sensitivity of the Switch
The wavelength sensitivity of the device has been analysed by measuring the switching operation at 3 different wavelengths spanning the maximum range of the laser (1525 nm, 1550 nm and 1600 nm) as shown in Fig. 13 . The switching operation observed for all three wavelengths is almost identical, highlighting again another advantageous property of this type of switch, in its wavelength insensitivity.
C. Switching Time
The response time of the switch has been investigated by analysing the optical output with the application of a 16 MHz square wave signal across the diode. Rise and fall times of approximately 15 ns and 10 ns were measured respectively. To some extent the length of the measured switching times is a result of the finite transition times of the source which is operating at its upper frequency limit, therefore shorter switching times are expected.
The dynamic response of the device has also been modelled to give a further estimation of the switching speed. Modelling indicates that the device is limited by a rise time of 5 ns which corresponds to a switching bandwidth of 70 MHz.
Heat generation during the carrier injection process can be detrimental to the device operation due to the large and opposing thermal coefficient of silicon. In Figs. 3 and 4 it was demonstrated that for switching to occur, the refractive index mismatch must be sufficiently abrupt. At DC, heat generated in the PIN diode can rapidly dissipate throughout the overlayer and contacts to stabilise over a large area of the device. As a result no significant thermal gradients are expected in the interaction region and as was shown in Fig. 12 , this type of global heating does not have a significant effect on the switching performance. At high speed, the relatively long heat generation and dissipation times generally limit switching times to s whereas in this device, ns transitions have been observed. Free carrier based switching can therefore be concluded.
D. Switching Mechanism
The configuration of switches based upon reflection, multimode interference and evanescent coupling is similar. The main structural difference is the interaction length as can be seen comparing previous devices reported in the literature [6] , [22] , [23] . It is therefore important to confirm that the switching operation observed here is occurring due to reflection. Optical modelling has been performed on two slightly different structures configured as a multimode interference switch or a zero-gap directional coupler switch. The structures in the model have been configured with similar dimensions to those used for the switch described in this work. The devices were modelled with a global refractive index variation of applied to the interaction regions. A refractive index change of this magnitude corresponds to temperature change of approximately K or an injected free carrier concentration of approximately cm , both of which can be considered relatively large. For the multimode interference based device, the variation in output power from the two ports is very weak over the entire range. Some variation in the output powers from the coupler based device is observed, however it is small especially considering the magnitude of the refractive index change.
These findings are in good agreement with the devices reported in the literature where those based upon coupling or multimode interference require much greater interaction length than that of reflection based switches [6] , [22] , [23] . Further confirmation that the switching operation is not occurring due to a coupling type effect can be found when the wavelength sensitivity of such a device is observed. Both the coupler and the multimode interference configured devices were modelled for wavelengths in the range of 1520 nm-1600 nm. The device described in this work has been shown experimentally to be wavelength insensitive in this wavelength range; modelling indicates that this is not the case for the coupler based device. Only weak sensitivity is observed in the multimode interference based device. Another indication that the switching operation is occurring due to a reflective effect rather than a coupling or multimode interference based effect in response to a global refractive index change is that a switching operation would be expected from the devices without carrier restrictive barriers, which has been shown to not be the case. It can therefore be concluded that the switching operation observed in the device is occurring due to reflection.
VI. PROSPECTS FOR FUTURE DEVELOPMENTS
The devices of this work were designed in order to prove the concept of the use of defective silicon barriers to improve device performance. In this respect successful results were obtained. For the device to be considered for practical applications it is appreciated that further performance enhancements are required. It is expected that through development of the waveguide formation process the passive optical waveguide loss and therefore the insertion loss of the device can be significantly reduced since waveguides of similar dimensions have been demonstrated with losses as low as 0.25 dB/cm [24] . The crosstalk can be improved through the use of higher resolution lithography, and by considering the use of curved waveguide tapers on the approach to the switching region as is shown in optical modelling results of Fig. 14 .
Improvements in the switching efficiency, which will allow for a reduced drive current and an increased extinction ratio, can be obtained with greater control of the refractive index of the Switching efficiency in this device has been defined as the rate of change of crosstalk with varying refractive index mismatch. Removal of the passive refractive mismatch will allow for smaller angled devices to be used which will therefore have a greater switching efficiency. If the refractive index of the barrier region cannot be reduced by varying the process conditions alone, light or -type doping can also be introduced for refractive index tuning.
Finally, the efficiency of the switching operation may be further enhanced by ensuring that end of range defects that are produced at the mask edge of the barrier region implant are not situated in the active region of the device. Instead a broader implant window may be defined and a longer thermal process used to regrow single crystal silicon laterally until the interface of the polycrystalline silicon (barrier region) and the single crystal silicon is situated along the middle of the interception region. The end of range defects can therefore be situated outside of the device area rather than in the interception region.
VII. CONCLUSION
In this paper the concept of the total internal reflection based optical switch in silicon with carrier restrictive barrier formed of defective silicon has been introduced. The advantages of this switching topology are wavelength insensitivity, thermal stability, polarization independence and the ability for overdriving without a pre-emphasis signal.
The results obtained from fabricated devices have demonstrated that without the use of a barrier a switching operation is not achievable. Instead, some absorption from the injected free carriers results with no increase in reflected power. When the barrier is introduced into the device, a switching operation can be observed. The switching operation of the device has been experimentally shown to be thermally stable and wavelength insensitive. It has also been proven to be occurring due to a reflective type operation in response to injected carriers rather than temperature change. The concept of the use of a defect silicon barrier has therefore been demonstrated. Further device developments have been described which can potentially result in a high performance optical switch in silicon.
